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to succumb to abdA-induced apoptosis? What protects Feeding Hungry Neurons:
postmitotic neurons from cell death? Astrocytes Deliver Food for ThoughtNeuronal numbers are controlled by several other
postembryonic mechanisms that merit further investiga-
tion. Abdominal pNBs initiate mitosis later than thoracic
pNBs (Truman and Bate, 1988). What controls their reen- Among the proposed roles for astrocytes in the CNS
try into division cycles? In addition, although all three is nutritive support for neurons. In this issue of Neuron,
abdominal neuroblasts have a similar period of mitotic Voutsinos-Porche et al. provide evidence that astro-
activity, dl gives twice the neuronal progeny of vm or cyte uptake of synaptic glutamate triggers astrocytic
vl. These data suggest that dl may divide more rapidly glycolysis and release of lactate, which in turn nour-
than vm and vl. Bello et al. suggest that the dorso- ishes neurons and sustains neuronal activity.
ventral patterning genes may control this aspect of de-
velopment. Despite increasing attention to astrocyte function, we
Finally, the study of Hox genes in other systems has remain woefully ignorant of the number and depth of
led to the concept of cellular memory: once a Hox gene interactions between neurons and astrocytes. Astrocytes
is activated, its expression is maintained in all of the in many brain regions outnumber neurons by as many as
progeny of that lineage (Ringrose and Paro, 2001). Here, ten to one and are often positioned strategically be-
Bello et al. show that it is imperative that Hox gene tween the blood supply and important neuronal signal-
expression is downregulated after embryogenesis. The ing components. Such structural arrangements suggest
abdominal pNBs then only get a pulse of abdA expres- a nutritive role for astrocytes, but direct functional infor-
sion later in development at the appropriate time for mation about the nature of their interaction is only now
neuroblast apoptosis. Therefore, a different mode of becoming clear. Voutsinos-Porche et al. (2003), in this
Hox gene regulation is in operation here. What regulates issue of Neuron, provide some key information on the
the pulse of abdA expression? Can other Hox genes be functional relationship between neuronal activity and
regulated in a similar fashion, and do they play a similar CNS energy utilization.
role in regulating cell proliferation? These questions are Previous work by Pellerin and Magistretti using cul-
especially interesting given heterotopic transplantation tured astrocytes laid the foundation for the present
experiments that suggest that pNB lineages are deter- study (Pellerin and Magistretti, 1994). This earlier work
mined during embryogenesis (Prokop et al., 1998). showed that glutamate uptake stimulates glycolysis and
lactate production in astrocytes. A specific model was
hypothesized based on the results (Pellerin and Magis-
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tretti, 1994). Glutamate released during synaptic activity
Wellcome Trust/Cancer Research UK Institute and
is taken up by astrocytes [see Figure, label (1)]. It is
Department of Genetics
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nying glutamate uptake into astrocytes triggers activa-
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tion of the Na/K ATPase to eliminate the Nai load
[see Figure, label (2)]. The drop in cellular ATP in turn
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stimulates aerobic glycolysis in the astrocytes [see Fig-
ure, label (3)]. Lactate produced by glycolysis is shuttledBello, B.C., Hirth, F., and Gould, A.P. (2003). Neuron 37, this issue,
to neurons, where it is used to fuel oxidative phosphory-209–219.
lation and to power subsequent neuronal activity [seeDurand, B., and Raff, M. (2000). Bioessays 22, 64–71.
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Prokop, A., Bray, S., Harrison, E., and Technau, G.M. (1998). Mech. tate, pyruvate, and ketone bodies, are found on both
Dev. 74, 99–110.
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The model possesses several features that are still
actively debated. First, it is not clear that the amount
of Na entering astrocytes through transporter cycling
(three Na ions with each cycle of the transporter, with
cycle periods of 20 ms) during the transient presence
of extracellular glutamate would result in sufficient Nai
to stimulate significant Na/K ATPase activity. This
concern may be partly alleviated by recent evidence
suggesting tight colocalization between glutamate trans-
porters and Na/K pumps in astrocyte processes (Cho-
let et al., 2002), where local elevations of Namay suffice
to stimulate pump activity. However, it has been sug-
gested that buildup of [K]o during neuronal activity
(through action potential repolarization) may be the rele-
vant stimulus to trigger Na/KATPase activity (Ransom
et al., 2000). Another issue arises from other results in
astrocyte culture suggesting that glutamate uptake fuels
oxidative metabolism, largely of glutamate itself, while
glycolysis is actually slightly inhibited (Peng et al., 2001).
The possibility that different culture conditions can
cause glutamate to either stimulate or inhibit glycolysis
begs the question of the in vivo relevance of the pro-
posed model.
The article addresses several of the model’s details
using animals genetically deficient in glutamate trans-
porters. If transport and the associated Na influx are Major Features of Proposed Metabolic Interaction between Neurons
and Astrocytesindeed critical for stimulating astrocyte glucose utiliza-
tion, then transporter deletion should dampen glucose See text for description.
utilization. Voutsinos-Porche et al. utilize mice lacking
the astroglial transporters GLAST (also called EAAT1) Using fluorescent sodium indicators, the authors showed
and GLT-1 (also called EAAT2). Somatosensory barrel that direct, 2 min glutamate application to astrocytes in-
cortex, the cortical region responsible for processing duces a [Na]i rise, which is diminished in cultures takensensory information from whiskers, was examined be- from GLAST/ animals. To verify that Na is sufficient
cause of well-characterized somatotopy and a wealth of to stimulate glucose utilization, they determined that
previous studies linking glucose utilization with synaptic Na influx through nondesensitizing astrocyte AMPA
activity. In both transporter knockouts, the expected
receptors can mimic the transporter-mediated increase
transporter was lost in the barrel cortex with little evi-
in 2-DG uptake and lactate release. When the authors
dence (by either immunocytochemistry or Western
replaced bath Na with Li, which permeates receptor
blots) of compensatory increases in the other trans-
channels but cannot be transported by the Na/Kporter or changes in other proteins associated with glu-
ATPase, the AMPA receptor-induced increase in glucosetamate cycling. The authors then assessed the activity-
uptake was eliminated. These data suggest that otherdependent increases in glucose utilization in the barrel
secondary effects of receptor or transporter activationcortex of GLAST/ and GLT-1/ animals. Animals defi-
(such as depolarization) are unlikely to supply the triggercient in either transporter exhibited a significant (60%)
for energy processing in astrocytes.decrease in the glucose utilization in barrels activated
As with all high-impact studies, several interestingby whisker stimulation, assessed by 2-deoxyglucose
questions arise from the results. If elimination of eitheruptake.
one of the two transporters present in astrocytes re-Of course, one problem with in vivo studies is inade-
duces glucose utilization by 60%, would eliminatingquate control over potential developmental deficits in
all glial uptake abolish measurable glucose utilization,the knockouts. This concern is partially addressed by
or is there some role for elevated [K]o increases in stimu-recent work showing that antisense depression of trans-
lating Na/K ATPase activity or some direct participa-porter expression also decreases glucose utilization
tion of activity-dependent neuronal glucose utilization?(Cholet et al., 2001). In the present work, to circumvent
Also, is lactate exclusively used in this astrocyte-neuronpotential secondary effects of transporter loss, the au-
interaction, or is there a role for other metabolites?thors returned to a culture model to explore the capacity
Transporters for other transmitters are also Na depen-for cortical astrocytes to use glutamate uptake as a
dent, but presynaptic (rather than astroglial) uptake istrigger for glucose utilization. In cortical astrocyte cul-
more prominent. Is direct neuronal Na-dependent glu-tures, GLAST expression dominates wild-type cultures,
cose utilization important for sustaining activity in thesewith little evidence for GLT-1 expression. This expres-
cell types?sion pattern allowed the authors to isolate glutamate
Although several questions may also remain in linkinguptake through the GLAST transporter. Glutamate up-
the present in vivo with the in vitro results, the work bytake, glucose utilization, and lactate release all decrease
Voutsinos-Porche et al. solidifies evidence that astrocytein astrocyte-only cultures from GLAST/ and GLAST/
animals compared to those from wild-type littermates. glutamate uptake provides a signal used by astrocytes to
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fuel neurotransmission. An interesting implication of this with respect to the object, independently of the whole
object’s position with respect to the observer. This cod-functional arrangement is that glucose utilization, a mea-
ing scheme would seem to provide some advantagessure of neural activity in some forms of human PET
and simplicities over a viewer-centered representation.neuroimaging, may more directly reflect astrocyte func-
In an innovative and important experiment, Olson andtion rather than neuronal function. Of course, this does
Gettner (1995) concluded that some neurons in a regionnot invalidate the use of the method; on the contrary,
of the monkey frontal cortex called the supplementarythe results help define the cellular basis for the success
eye field (SEF) employ this second coding scheme: theyof the technique.
construct an object-based representation of visual
space. For example, a neuron can encode the left endJulian P. Meeks and Steven Mennerick
of a bar regardless of where that bar is positioned inDepartment of Psychiatry
visible space.Washington University School of Medicine
A new study by Deneve and Pouget (2003), published
St. Louis, Missouri 63110
in this issue of Neuron, challenges this conclusion.
Based on a computational model, Deneve and PougetSelected Reading
argue that a version of the viewer-centered scheme out-
Bouzier-Sore, A.K., Merle, M., Magistretti, P.J., and Pellerin, L. lined above might actually be at work in the SEF. Their
(2002). J. Physiol. (Paris) 96, 273–282. model accounts for the known properties of SEF neu-
Cholet, N., Pellerin, L., Welker, E., Lacombe, P., Seylaz, J., Magis- rons without ever using an object-centered reference
tretti, P., and Bonvento, G. (2001). J. Cereb. Blood Flow Metab. 21, frame. The thrust of their model is the notion that a
404–412. network of neurons might constitute a basis function
Cholet, N., Pellerin, L., Magistretti, P.J., and Hamel, E. (2002). Cereb. map—a powerful coding scheme that allows for very
Cortex 12, 515–525. flexible neural representations. The concept of a basis
Magistretti, P.J., and Pellerin, L. (1999). Philos. Trans. R. Soc. Lond. function (BF) network was presaged by Zipser and An-
B Biol. Sci. 354, 1155–1163.
dersen (1988), proposed in an early form by Poggio
Pellerin, L., and Magistretti, P.J. (1994). Proc. Natl. Acad. Sci. USA (1990), and first employed by Pouget and Sejnowski
91, 10625–10629.
(1994). The intuition behind BF network models arises
Peng, L., Swanson, R.A., and Hertz, L. (2001). Neurochem. Int. 38,
from the experimental observation that neurons often437–443.
simultaneously encode several different sensory vari-
Ransom, C.B., Ransom, B.R., and Sontheimer, H. (2000). Activity-
ables. A population of neurons could therefore collec-dependent extracellular K accumulation in rat optic nerve: the role
tively encode many different functions over those vari-of glial and axonal Na pumps. J. Physiol. 522, 427–442.
ables, without using individual neurons to encode anyVoutsinos-Porche, B., Bonvento, G., Tanaka, K., Steiner, P., Welker,
one of them. For example, in a study by Pouget andE., Chatton, J.-Y., Magistretti, P.J., and Pellerin, L. (2003). Neuron
37, this issue, 275–286. Sejnowski (1997) and its predecessor by Zipser and An-
dersen (1988), a model of parietal cortex was con-
structed. Neurons in parietal cortex code visible targets
in eye-centered coordinates—that is, in terms of the
target’s position on the retina—but are modulated by
A Computational Basis to Object? proprioceptive signals about the position of the eyes in
the head. These modeling studies demonstrate that the
outputs of a population of parietal neurons can be com-
bined to represent the target’s location with respect
To use an object, we must be able to perceive the
to the head. A population of neurons can collectively
spatial relationship between the object’s parts. The encode the position of a visible feature with respect to
accepted view of how the brain coherently encodes the head, even though none of the constituent neurons
an object is that some neurons in the frontal cortex can do so on their own. The powerful insight of the BF
employ an object-centered coordinate frame. A new model of parietal cortex is that no neuron need ever
computational model challenges this view, using the explicitly encode space in head-centered coordinates
rich conceptual framework of neural basis functions. in order for the network as a whole to do so. To extend
this point, if the idea that neurons comprise basis func-
How does the brain represent the locations of objects tion networks is correct, then it is no longer sensible to
and their parts? Visual features must be grouped to- ask in what reference frame a given population of neu-
gether into coherent objects to enable us to compre- rons encodes space—representations in many different
hend the world and to accurately guide our actions di- reference frames can be extracted from the network.
rected toward those objects. On the face of it, two In the present study, Deneve and Pouget build a BF
different sorts of strategy could be at work. First, it is network to simulate eye movements directed toward
possible that the position of every feature in the visual particular features of a visible object—the behavior that
scene is referred back to the observer: the viewer could monkeys were trained to perform in Olson and Gettner’s
be, in effect, at the origin of a coordinate frame for spatial experiments. This network accomplishes the feat with-
representation. It is established that many regions of out ever representing the target in an object-centered
the cerebral cortex encode the salient features of visual reference frame. Instead, the goal is encoded by a net-
space in exactly this manner. Second, it may also be work of model neurons that can be said to encode space
that visible objects provide their own coordinate system in eye-centered coordinates, with information about the
object expressed through multiplicative effects (termedand that the positions of an object’s parts are registered
